Introduction
============

Developing nanoparticle (NP)-mediated delivery systems offers great promise for efficacious cancer therapy, and these approaches can improve the efficacy and mitigate the side effects of encapsulated therapeutics [@B1]-[@B6]. To date, various nanostructured carriers have been leveraged to effectively deliver versatile therapeutics to tumor lesions [@B7]-[@B14]. Nanomedicines that achieve long-term systemic circulation and appropriate particle sizes (typically smaller than 200 nm) are expected to passively accumulate in the target solid tumors because of the leaky and disorganized tumor vasculature, coupled with impaired tumor lymphatic drainage [@B15]. Such structural and functional abnormalities can produce enhanced permeability and retention (EPR), thus potentiating the therapeutic efficacy of nanomedicines relative to that of free drugs in numerous preclinical animal models [@B16], [@B17]. Physically entrapping therapeutic molecules into polymer matrices via a simple self-assembly process has been actively explored for the construction of nanoscopic objects for precise drug delivery [@B18]-[@B23]. In line with this, a collection of nanomedicines have been approved for clinical use and many are undergoing clinical and preclinical development [@B24]. Extensive efforts from the past decade have arguably validated the potential of nanomedicines in a variety of established cancer cell-derived xenograft (CDX) mouse models. However, clinical trials show that these nanomedicines fail to yield better survival in cancer patients than solvent-based free drug formulations [@B25], [@B26]. This great discrepancy obtained from CDX models and clinical data implies that human cancers are more complex and heterogeneous than we anticipated [@B26]. In addition, heterogeneous EPR effects in patients may result in poor NP delivery. Consequently, one could consider that CDX models, which are routinely used in the cancer field, might be oversimplified and inadequate to predict the therapeutic efficacy of nanomedicines.

When passaged in mice, patient-derived tumor xenograft (PDX) models retain their biological stability and share histologic and genetic properties similar to their donor tumor [@B27], [@B28]. These attributes confer PDX models with overwhelming improvements over conventional CDX models and reflect the greater fidelity and real therapeutic clinical outcomes of drugs that are under preclinical evaluation [@B29], [@B30]. For these reasons, PDX models therefore represent useful scaffolds for evaluating the effects of therapeutic drugs as well as for assessing EPR-mediated nanoparticle accumulation in tumors. However, despite these advantages, few reports have been published on the use of PDX models for the evaluation of anticancer drugs, especially with regard to nanomedicines [@B31]-[@B33].

SN38 (7-ethyl-10-hydroxycamptothecin) is a potent inhibitor of DNA topoisomerase I [@B34]-[@B36]. However, this agent exhibits dose-limiting toxicity and extremely low solubility in water, thus hampering its clinical use. Accordingly, CPT-11 (also called irinotecan) was developed by linking with the bispiperidine moiety to generate a water-soluble SN38 derivative, which is now in clinical use [@B37]. In the body, active SN38 is regenerated with the help of carboxylesterases, but the enzymatic conversion is inefficient (usually less than 8% of dosed CPT-11). However, SN38 exhibits 100- to 1000-fold higher potency in *in vitro* cytotoxic activity tests than CPT-11 against a broad spectrum of cancer cell lines. Therefore, we can reasonably envision that this SN38 molecule can be directly harnessed for nanoparticle formulation, bypassing the inefficient activation of the CPT-11 prodrug and improving the therapeutic index [@B38]. Unfortunately, nanoformulation of SN38 into conventional polymeric NPs poses a formidable challenge because of the intrinsically planar structure and moderate polarity of this molecule [@B35], [@B39]-[@B41]. Previous studies demonstrated that rational esterification of the phenolic hydroxyl group of this molecule can be used to generate new chemical entities, enabling their self-assembly or coassembly with other matrices [@B34], [@B35], [@B42]-[@B47]. As one of the approaches for chemical derivatization of drug, biocompatible oligo- or polylactides have been exploited to couple with various therapeutic drugs to augment the compatibility of drug compounds with polymer matrices [@B48]-[@B51]. Enhancing drug retention within nanoplatforms could remarkably hinder the burst and premature release of therapeutics during systemic circulation, thereby improving the EPR effect in tumors [@B52].

Inspired by these studies, as well as to fully explore the utility of the SN38 agent and to evaluate the potential of nanomedicines in PDX models, a series of oligo- or polylactide (oLA or PLA)-tethered derivatives (termed oLA~n~-SN38 or PLA~n~-SN38) was synthesized using the carboxyl-terminated polymer backbone as a building block (**Figure [1](#F1){ref-type="fig"}**). Subsequent nanoformulation of these conjugates with the polyethylene glycol-*block*-polylactic acid (PEG-PLA) matrix resulted in small-sized and ultrastable nanomedicines suited for preclinical studies. We further used two hepatocellular carcinoma (HCC) models, including a human HCC CDX model and a PDX model, to evaluate their *in vivo* therapeutic potential. The efficient eradication of patient-derived HCC tumors was demonstrated using SN38-formulated nanomedicines. Finally, we performed animal studies to examine side effects induced by CPT-11 such as bloody diarrhea, as well as the effects of these nanomedicines in healthy mice.

Methods
=======

Materials, cell lines, and synthetic procedures
-----------------------------------------------

SN38 was purchased from Knowshine Pharmachemicals Inc. (Shanghai, China). Poly(ethylene glycol)-*block*-poly(~D,\ L~-lactic acid) copolymers and carboxyl-terminated oligo- or polylactides were customized by Advanced Polymer Materials Inc. (Montreal, Canada). All other compounds and solvents were purchased from J&K Chemical (Shanghai, China). Human hepatocellular carcinoma (HCC) cell line Hep 3B was maintained in MEM, HCC-LM3 was maintained in DMEM, and BEL-7402 was maintained in PRMI 1640 medium. All of the media were supplemented with 10% fetal bovine serum (FBS), penicillin (100 units/mL) and streptomycin (100 μg/mL), and the cells were maintained in a humid atmosphere at 37 °C with 5% CO~2~. The detailed procedures for synthesis of oLA- or PLA-tethered prodrugs **1**-**4** are provided in the [supplementary materials](#SM0){ref-type="supplementary-material"}.

Preparation of SN38 prodrug-loaded nanoparticles
------------------------------------------------

SN38 prodrug-loaded polymeric nanoparticles were prepared using a nanoprecipitation method. In all cases, the matrix to drug (at an SN38 equivalence) weight ratios were fixed at 19:1. Briefly, predetermined amounts of *block* copolymer PEG~5k~-PLA~8k~ and SN38 prodrugs (1 mg, at an SN38 equivalence) were dissolved in 2 mL acetonitrile and added dropwise into 18 mL of water while stirring, which yielded a final drug concentration of 0.05 mg/mL. After stirring for 10 min, the remaining organic solvent was removed in a rotary evaporator at reduced pressure. The solution containing the nanoparticles was concentrated with centrifugal filter devices (Amicon Ultra4, 10k MWCO, Millipore Corp.) and washed with deionized (DI) water.

Determination of drug loading and encapsulation efficiency
----------------------------------------------------------

The drug loading content and encapsulation efficiency of the nanomedicines were determined by analytical reverse-phase high-performance liquid chromatography (RP-HPLC). Briefly, lyophilized SN38-loaded NPs (10 mg) were dissolved in acetonitrile (200 μL) and, subsequently, the NP solutions were added to NaOH (0.5 M, 200 μL) and stirred for 30 min at 37 °C to release the SN38 molecules. The suspension was centrifuged to collect the supernatant, and the SN38 content was quantitatively determined by HPLC. RP-HPLC was performed using a Hitachi Chromaster 5000 system with a YMC-Pack ODS-A column (5 μm, 250 × 4.6 mm) at a flow rate of 1.0 mL/min. UV detection for SN38 was performed at 378 nm. All of the runs used linear gradients of acetonitrile (solvent A) and water (solvent B) containing 0.1% trifluoroacetic acid (TFA). The encapsulation efficiency (EE) and percentages of drug loading (DL) of SN38 in NPs were calculated according to Equations (1) and (2):
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where W~SN38inNP~, W~feed~, and W~total~ represent the amount of SN38 encapsulated in PEG~5k~-PLA~8k~ NPs, the SN38-equivalent amount fed for NP fabrication and the total amount of nanomedicines, respectively.

Characterization of the particle size using dynamic light scattering (DLS)
--------------------------------------------------------------------------

The hydrodynamic diameters of the prodrug-loaded nanoparticles were measured on a Malvern Nano-ZS90 instrument (Malvern Instruments, Malvern, UK) at 25 °C.

Morphology study using transmission electron microscopy (TEM) analysis
----------------------------------------------------------------------

Transmission electron microscopy (TEM) images were obtained using TECNAL 10 (Philips) at an acceleration voltage of 80 kV. The sample solution of SN38 prodrug-loaded NPs at a concentration of 0.5 mg/mL (SN38 equivalent) was placed onto a 300-mesh copper grid coated with carbon. Approximately 2 min after deposition, the surface water was removed with filter paper and then air dried. Positive staining was performed using a 2 wt% aqueous uranyl acetate solution.

*In vitro* SN38 release kinetics
--------------------------------

To quantify the release kinetics of encapsulated SN38, NP solutions (10 mL) containing 0.1 mg/mL of an SN38 equivalent concentration were dialyzed against phosphate-buffered saline (PBS, 50 mL, pH 7.4, 0.2% Tween 80). The dialysis tubes (Spectrum, molecular weight cutoff of 14 kD) were continuously stirred in an orbital shaking water bath at 37 °C. At predetermined time intervals, the release media were collected, and fresh media were supplemented. The amounts of released SN38 were measured via a UV-Vis spectrometer (Shimadzu, UV-2700) at 378 nm. The drug release profiles were also determined by dialyzing against PBS (pH 7.4) in the presence of 20% (v/v) FBS. To determine whether the released components were active SN38 agents, analytical HPLC was used. At predetermined time intervals, the release media were subjected to HPLC analysis using pure SN38 dissolved in DMSO as a standard.

*In vitro* cytotoxicity using an MTT assay
------------------------------------------

The *in vitro* cytotoxicity of the nanomedicines was measured by an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The cells were plated in flat-bottomed 96-well plates (4000-5000 cells per well) and incubated at 37 °C for 24 h. The cells were added via serial dilution of CPT-11, free SN38 and SN38-formulated NPs and then incubated at 37 °C for 72 h. At the end of the exposure, 30 μL MTT solution (5 mg/mL in PBS) was added to each well. The MTT solution was removed from the wells after 4 h, and the purple MTT-formazan crystals were then dissolved by the addition of DMSO (100 μL). The absorbance in each well was measured at 490 nm using a microplate reader (Multiskan FC, Thermo Scientific).

Cell proliferation as determined by EdU incorporation
-----------------------------------------------------

The Hep 3B cells were plated in flat-bottomed 48-well plates (20000 cells per well) and incubated at 37 °C for 24 h. CPT-11 and SN38-formulated NPs (2 μM, at SN38 equivalent concentration) were added to the cells and then incubated for 24 h at 37 °C. To quantify synthesized DNA, we used a Click-iT® EdU Alexa Fluor® 488 Assay Kit (Invitrogen) according to the manufacturer\'s protocol. At the end of the drug exposure, EdU (5-ethynyl-2\'-deoxyuridine) was added to each well, and the cells were further incubated for 2 h at 37 °C. The cells were washed with PBS and fixed for 15 min at room temperature by the addition of 3.7% formaldehyde. Upon incubating with 0.5% Triton X-100 for 10 min, azide-labeled Alexa Fluor® 488 was added and incubated for 30 min in the dark. The nuclei were stained with Hoechst 33342 (Invitrogen) for 15 min, and the cells were imaged by fluorescence microscopy (Olympus, IX71). Finally, n ≥ 5 regions with 1500-2000 total cells were counted to assess the presence of cell proliferation.

Pharmacokinetics study with SN38-loaded nanomedicines
-----------------------------------------------------

The drug concentrations of SN38-loaded NPs (at an SN38 equivalent dose of 8 mg/kg) and CPT-11 (12 mg/kg) in the blood were compared in Sprague Dawley (SD) rats (\~250 g, n = 5 in each group). After a single i.v. injection of various drugs, blood samples were collected at 5 min and 1, 6, 24, 48, and 72 h and then immediately subjected to centrifugation for 10 min at 3000×*g*, with the resulting plasma samples collected in microtubes. The plasma samples were then stored at -80 °C until analysis.

To analyze the free SN38 (unconjugated) and CPT-11 in the blood, acetonitrile (300 μL) was added to 50 μL of the plasma and extracted by ultrasonication. Coumarin was added as an internal standard, and the suspension was then centrifuged for 10 min at 14000×*g* and analyzed by high-performance liquid chromatography (HPLC).

To analyze the oligo- or polylactide-conjugated SN38 in the blood, 60 μL plasma was added to methanol (60 μL) and NaOH (0.5 M, 60 μL) and incubated for 30 min at 25 °C to release the conjugated SN38. After incubation, an HCl solution (60 μL, 0.5 M), the internal standard and acetonitrile (300 μL) were added to the samples. The samples were then extracted by ultrasonication and centrifuged for 10 min at 14000×*g*. The supernatants were analyzed by HPLC.

RP-HPLC was performed using a Hitachi Chromaster 5000 system with a YMC-Pack ODS-A column (5 μm, 250 × 4.6 mm) at a flow rate of 1.0 mL/min. UV detection for SN38 was performed at 378 nm. All of the runs used linear gradients of acetonitrile (solvent A) and water (solvent B) containing 0.1% TFA.

*In vivo* antitumor activity in the HCC Hep 3B cell-derived xenograft mouse model using SN38-loaded nanomedicines
-----------------------------------------------------------------------------------------------------------------

Balb/c nude mice (4- to 5-week-old) were purchased from the Shanghai Experimental Animal Center, Chinese Academy of Science, for the establishment of the mouse model bearing HCC Hep 3B xenografts. The mice were housed under aseptic conditions and were provided autoclaved rodent diet and sterile water. All of the mouse studies were conducted in accordance with the National Institute Guide for the Care and Use of Laboratory Animals. The experimental protocol was approved by the local hospital ethics committee.

Human HCC Hep 3B cells were grown to 80% confluence in 90 mm tissue culture dishes. After harvesting, the cells were resuspended in PBS at 4 °C to a final concentration of 2.5 × 10^7^ cells/mL. The right flank of 5-week-old Balb/c nude mice was subcutaneously injected with 200 μL of a cell suspension containing 5×10^6^ cells in a disposable syringe. After the tumor reached \~50 mm^3^ in volume at day 14 after implantation, the animals were randomized into six groups (n = 7 in each group). The mice were intravenously injected with SN38 prodrug-loaded nanomedicines (15 mg/kg, at an SN38 equivalent dose) three successive times at day 0, 3, and 6. Saline and CPT-11 (22.5 mg/kg) were intravenously injected as the controls. The tumor growth and body weight were monitored and recorded every three days. The length (*L*) and width (*W*) of the tumors were measured with calipers, and the tumor volume was calculated using the following formula: *V* = *L* × *W*^2^ / 2, with *W* smaller than *L*. The mice were sacrificed by CO~2~ inhalation when their tumors reached the 2000 mm^3^ endpoint value.

Establishment of a human HCC PDX tumor model in nude mice and*in vivo* therapeutic studies
------------------------------------------------------------------------------------------

Balb/c nude mice (4- to 5-week-old) were purchased from the Shanghai Experimental Animal Center, Chinese Academy of Science, for the establishment of the mouse PDX model. The mice were housed under aseptic conditions and were provided autoclaved rodent diet and sterile water. All of the mouse studies were conducted in accordance with the National Institute Guide for the Care and Use of Laboratory Animals. Prior written informed consent was obtained from the patients, and the experimental protocol was approved by the local hospital ethics committee.

A schematic illustration of the protocol for the establishment of the HCC PDX tumor model in Balb/c nude mice is depicted in **Figure [6](#F6){ref-type="fig"}A**. Briefly, surgically resected human HCC tissue was obtained from HCC patient 1-150605. The primary HCC tumor tissue was collected in an ice bath in RPMI 1640 supplemented with antibiotics. The tumor tissue was diced into \~1 mm^3^ pieces and subcutaneously implanted into the right flanks of the nude mice within 2 h as the engraftment phase (**Figure [1](#F1){ref-type="fig"}**). For the serial transplantation, the mice bearing PDX tumors were sacrificed and \~1 mm^3^ tumor fragments were further implanted into the 5- to 6-week-old nude mice.

Drug treatment was performed starting in the third generation. When the PDX tumor volumes reached *\~*50 mm^3^, the mice (n = 7 in each group) were intravenously injected with SN38 prodrug-loaded nanomedicines (15 mg/kg, at an SN38 equivalent dose) three successive times at day 0, 2, and 4. Saline and CPT-11 (22.5 mg/kg) were intravenously injected as controls. Both the volumes of the tumors and body weight were monitored. The mice were sacrificed by CO~2~ inhalation when their tumors reached the 2000 mm^3^ endpoint value.

Immunohistochemical analysis
----------------------------

For histological analysis, the HCC Hep 3B tumor tissues were excised 2 days after the single treatment of various drugs. The tissues were fixed in 4% formaldehyde, embedded in paraffin, and sectioned into 5-μm slices. The formalin-fixed sections were stained with hematoxylin and eosin (H&E, Sigma). For the TUNEL apoptosis assay, the fixed tumor tissues were stained by the *In Situ* Cell Death Detection Kit (Fluorescein, Roche Applied Science) according to the manufacturer\'s protocol. 4\',6-diamino-2-phenylindole (DAPI) was used for nuclear counterstaining. The stained tumor slices were imaged by fluorescence microscopy (Olympus, IX71).

Study of bloody diarrhea induced by CPT-11 and nanomedicines
------------------------------------------------------------

Healthy Balb/c mice (6-week-old) were randomized into four groups (n = 10 in each group) and housed in conventional metabolic cages (N = 1/cage). The mice were intravenously administered with SN38-loaded NPs (at an SN38 equivalent dose of 15 mg/kg) three times every two days. In addition, saline and CPT-11 (22.5 mg/kg) were intravenously injected on the same schedule as the controls. The signs of bloody diarrhea were monitored every day using BASO fecal OB-II (BASO diagnostic Inc., Zhuhai, China) according to the manufacturer\'s protocol. Briefly, 1 drop of reagent A (pyramidon and acetic acid) and 1 drop of reagent B (hydrogen peroxide) were added onto the fecal smear paper, with a blue coloration obtained under acidic conditions. The time required for the color to appear was used to define the grade of bloody diarrhea. The rapid appearance of purple-blue was defined as grade 4, the gradual emergence of purple-blue within 10 seconds was defined as grade 3, the gradual emergence of purple within 1 min was defined as grade 2, and the gradual emergence of purple within 2 min was defined as grade 1. The mice treated with saline were used as negative control. At day 9 postadministration, the mice were sacrificed, and their large intestines were formalin-fixed and paraffin embedded for routine H&E histopathologic examination.

Statistical analysis
--------------------

All of the quantitative data are presented as the means ± s.d. The statistical significance between the measurements was assessed using Student\'s *t* test. A *p*-value less than 0.05 was considered statistically significant, whereas a *p*-value less than 0.01 was considered highly significant. Survival studies were analyzed using Kaplan-Meier plots.

Results and discussion
======================

Rational design of oLA- or PLA-conjugated SN38 prodrugs
-------------------------------------------------------

In this study, a phenyl ester bond that is susceptible to hydrolysis and widely used as a linker in prodrug design was employed [@B53]. To keep the backbone close to the FDA-approved skeleton, we chose oLA or PLA segments, which vary in molecular weight and are only minimally modified (i.e., bearing a terminal carboxylate group) to condense the SN38 agent (**Figure [1](#F1){ref-type="fig"}**). We hypothesized that incorporating this potent SN38 agent into the termini of polymer segments through covalent conjugation could augment drug retention in the PEG-PLA NPs. The use of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) as a carboxyl activator and dichloromethane (DCM) as a solvent yielded the production of desirable SN38 derivatives. Consequently, oLA~n~-SN38 conjugate **1** (n = 8) or PLA~n~-SN38 conjugates **2**-**4** (n = 17, 36, and 71, respectively) were successfully synthesized and purified with flash silica gel chromatography at relatively high conjugation efficiencies (48-57%, see [Supporting Information](#SM0){ref-type="supplementary-material"} for synthesis procedures). The structures of purified SN38 prodrugs were confirmed by ^1^H NMR. The ^1^H NMR spectrum of SN38 molecule was provided in **Figure [S1](#SM0){ref-type="supplementary-material"}** as a reference. The peak ratios of the protons of the oLA or PLA backbone (-CH(CH3)-: *δ* 5.16 and 1.58 ppm, red box in **Figure [2](#F2){ref-type="fig"}A**) to the SN38 aromatic protons (green box in **Figure [2](#F2){ref-type="fig"}A**) were 8, 17, 36, and 71, respectively, for products **1**-**4**. Thus, the results from the ^1^H NMR spectra suggested that nearly one SN38 molecule was successfully conjugated to each polymer chain irrespective of the chain length. The synthesis feasibility of oligomer or polymer backbone-based prodrugs demonstrates that versatile structures can be used for SN38 prodrug reconstitutions.

Prodrug encapsulation in nanoparticle and characterization
----------------------------------------------------------

After obtaining this pool of SN38 prodrugs, we assessed their ability to assemble with PEG-PLA copolymers using a single-step nanoprecipitation method [@B54], [@B55]. In this process, drug payloads are incorporated into the hydrophobic micellar core of the NPs, and the PEG chain constitutes the "stealth" shell that reduces the blood clearance of nanoparticles and endows them with *in vivo* longevity [@B56]. When we used the matrices/SN38 feed weight ratio of 19:1 (i.e., this weight ratio is referred to total materials except for the SN38 to SN38 agent), prodrugs **1-4** could readily self-assemble with PEG~5k~-PLA~8k~ copolymers to form transparent solutions (**Figure [S2](#SM0){ref-type="supplementary-material"}**, designated **oLA~n~-SN38-NPs** for n = 8 and **PLA~n~-SN38-NPs** for n = 17, 36, and 71). At this feed ratio, PEG~5k~-PLA~8k~ copolymers encapsulated prodrugs **1-4** at greater than 92% encapsulation efficiencies and loaded the drugs at approximately 4.5% (**Table [S1](#SM0){ref-type="supplementary-material"}**). However, attempts to encapsulate the parent SN38 agent within the PEG~5k~-PLA~8k~ matrix resulted in large precipitates (**Figure [S2](#SM0){ref-type="supplementary-material"}**), and the encapsulation efficiency was substantially lower (\<5%, n = 3). Thus, we employed PEG~5k~-PLA~8k~ as a matrix to formulate SN38 prodrug constructs in subsequent *in vitro* and *in vivo* studies.

Upon blending PEG~5k~-PLA~8k~ with prodrugs **1**-**4**, transmission electron microcopy (TEM)-based morphology studies were conducted. We found that all of these SN38-formulated particles were monodisperse and spherical (**Figure [2](#F2){ref-type="fig"}B**) and had diameters less than 50 nm. Dynamic light scattering (DLS) also revealed that the hydrodynamic diameters (*D*~H~) ranged from approximately 21 nm to 41 nm, implying that densely packed core-shell structures were formed for this set of particles (**Figure [2](#F2){ref-type="fig"}B**). Furthermore, prodrug-containing solutions (i.e., SN38 equivalent concentration of 1 mg/mL) stored at 4 °C were monitored for days, and no visible precipitation was formed. DLS analysis also indicated that these NPs were stable in different media including DI water, PBS and PBS containing 10% FBS (**Figure [S3](#SM0){ref-type="supplementary-material"}**). Nevertheless, particle sizes in the sub-50 nm range are favorable for achieving superior *in vivo* anticancer activity for deep tumor penetration and passive tumor targeting via the EPR effect [@B57].

To provide sufficient intratumoral accumulation of drugs of interest via the EPR effect, a central challenge has been the optimal interplay between drug payloads and delivery matrices because this parameter confers distinct drug retention profiles within the nanocarriers [@B45], [@B51], [@B52]. Therefore, exploration of structurally stable nanomedicines that exhibit a minimal premature release of drug payloads in the systemic circulation is essential for achieving optimal nanomedicine delivery into solid tumors [@B58]. We hypothesized that the incorporation of SN38 into the polymer backbones through esterification and sequential assembly with structurally similar PEG-PLA copolymers could strongly constrain drug payloads within the generated nanomedicines, thereby delaying the liberation of active drugs. Therefore, we quantified the release kinetics of SN38 from the assembled NPs by dialyzing the NP solutions against PBS (pH 7.4). Compared with our previous versions of SN38 prodrugs [@B45], strikingly sustained drug release behaviors were observed under neutral pH conditions, and SN38 was released at quite low rates (**Figure [2](#F2){ref-type="fig"}C**). Among the four types of NPs, the **PLA~36~-SN38-NPs** and **PLA~71~-SN38-NPs** were the most stable and released only 7% of the total drug after 120 h at 37 °C, whereas **oLA~8~-SN38-NPs** released approximately 37% under identical conditions. We further assessed the SN38 release profiles against PBS in the presence of mouse serum. Exposing SN38-loaded NPs to dialysis buffer containing 20% v/v of mouse serum promoted a slightly accelerated drug release from the NPs, with approximately 39% of the total SN38 released within 72 h in the case of **PLA~71~-SN38-NPs** (**Figure [S1](#SM0){ref-type="supplementary-material"}**). The ester bond between SN38 and the polymer could be readily hydrolyzed by esterases; thus, the serum esterase activity could accelerate the drug release when the NPs were incubated with mouse serum [@B53], [@B59], [@B60]. Moreover, the presence of serum could destabilize the PEG-PLA-assembled NPs, which also promotes the release of active SN38 agents [@B61]. Further HPLC analysis indicated that intact SN38 molecules were released from the NPs as the major species using **PLA~71~-SN38-NPs** as a model system (**Figure [S2](#SM0){ref-type="supplementary-material"}**). This result differed from a recently proposed mechanism for oligo(lactic acid)-tethered paclitaxel (PTX) ester prodrugs that underwent backbiting conversion to release active components [@B50]. The observed difference could be attributable to the fact that the ester bond between SN38 and **PLA** was more susceptible to hydrolysis than that in PTX prodrugs. We can expect that the conversion of PLA~n~-SN38 conjugates to the active SN38 agent proceeds rapidly in aqueous solutions but slowly in the PEG-PLA micellar core in water. Once exposed to aqueous solutions, PLA~n~-SN38 conjugates could be hydrolyzed, leading to the release of intact SN38. Collectively, these findings suggest that polymer-SN38 conjugates within NPs possess favorable stability and sustained controllable release of active drugs, and these characteristics were rationally achieved by tailoring the chemical structures of the modifiers.

*In vitro* cytotoxicity against HCC cell lines
----------------------------------------------

We then studied the cytotoxicity of these nanomedicines against HCC-derived cell lines using the conventional MTT assay by employing CPT-11 and free SN38 as the controls. Following the exposure of these NPs and free drugs for 72 h, the cell viabilities of three distinct types of HCC cells were quantified. As expected, HCC exhibited relatively high drug resistance to the SN38 agent, although all of the SN38-loaded NPs demonstrated comparable IC~50~ values (half-maximal inhibitory concentration) to that of free SN38 administered in DMSO (**Figure [3](#F3){ref-type="fig"}A**). In particular, the IC~50~ values ranged from 10.50 to 18.82 μM in Hep 3B cells, which were larger than those of Huh-7 and HCC-LM3 cells (**Table [1](#T1){ref-type="table"}**). This might be most likely correlated with the high population (\~90%) of cancer stem cells, a subtype of cancer cells that induce drug resistance, in Hep 3B cells [@B62]. Moreover, compared with CPT-11, the IC~50~ values of the nanomedicines occurred at a concentration of 1 to 2 orders lower. To further verify whether cell proliferation can be inhibited by the release of SN38, EdU incorporation was utilized to label the cells undergoing DNA synthesis. We observed a high level of inhibited proliferation after 24 h in all of the SN38-loaded NP treated Hep 3B cells (**Figure [3](#F3){ref-type="fig"}B-C**), whereas the CPT-11 treatment only produced a negligible effect on the proliferation of Hep 3B cells. Obviously, drug conjugation and sequential formulation in the NPs did not reduce their activity, in contrast to previous reports in which lower cytotoxicity was observed due to the sustained *in vitro* release kinetics. Thus, our data indicate that these nanomedicines can undergo efficient cellular uptake and release therapeutically active SN38 in the intracellular environments.

Prolonged circulation of these ultrastable nanomedicines
--------------------------------------------------------

Because of the characteristic ultrastability of these nanomedicines, we expected that they might have prolonged circulation in blood, thus facilitating the delivery of a sufficient level of drug payload to solid tumors via the EPR effect. To verify this hypothesis, four types of SN38-formulated NPs were systemically injected into Sprague Dawley (SD) rats *via* the tail vein (n = 5 in each group), and the plasma drug concentration was then determined by HPLC. A significantly prolonged retention of SN38 drugs in the bloodstream was observed for **PLA~36~-SN38-NPs** and **PLA~71~-SN38-NPs**, whereas relatively rapid clearance was observed for **oLA~8~-SN38-NPs** (**Figure [4](#F4){ref-type="fig"}**). The data were fitted to a two-compartmental pharmacokinetic model, which produced plasma area-under-curve (AUC) values of 68.9 and 180.7 μg·h/mL for CPT-11 and **oLA~8~-SN38-NPs**, respectively. Surprisingly, compared with **oLA~8~-SN38-NPs**, a greater than 11- and 12-fold enhancement in the AUC of **PLA~36~-SN38-NPs** (2001.1 μg·h/mL) and **PLA~71~-SN38-NPs** (2195.6 μg·h/mL), respectively, was confirmed (**Table [2](#T2){ref-type="table"}**). We separately analyzed the PLA-conjugated and the released SN38 in the plasma and found that free SN38 was minimal, i.e., less than 10% relative to the intact PLA~n~-SN38 prodrugs in the NPs (data not shown). These results strongly indicate that sustained release kinetics are a critical factor that dominates prolonged drug retention in animals and could ultimately lead to preferential drug accumulation in solid tumors.

*In vivo* antitumor efficacy in an HCC CDX model
------------------------------------------------

Encouraged by the improved pharmacokinetic property afforded by our approach, we established the immunodeficient Balb/c nude mouse model subcutaneously bearing an HCC Hep 3B cancer cell-derived xenograft to further validate the potential translational implications of these nanomedicines. Comparative efficacy studies were conducted using three intravenous (i.v.) injections of the NP solution at an equivalent SN38 dose of 15 mg/kg, which is a relatively low dose of SN38 compared with that of previous studies [@B63]. Encouragingly, the systemic administration of SN38-loaded NPs resulted in significant tumor shrinkage relative to that of the saline- and CPT-11-treated groups after the initial dose (**Figure [5](#F5){ref-type="fig"}A, C**). In particular, the **PLA~36~-SN38-NPs** and **PLA~71~-SN38-NPs** treatments presented striking improvements, with four out of seven mice in each treatment group showing an absence of detectable tumors at day 10 postadministration. At the end of the study, the average tumor volumes were 1656 ± 468 and 590 ± 223 mm^3^, respectively, in saline- and CPT-11-treated groups, whereas the tumors were completely eradicated in the groups receiving **PLA~36~-SN38-NPs** and **PLA~71~-SN38-NPs**. The SN38 agent targets nuclear DNA topoisomerase I, which is ubiquitous and essential in mammalian cells, including HCCs [@B64]. Unfortunately, in the aforementioned cell-based cytotoxicity assay, chemoresistance in Hep 3B cells was observed with IC~50~ values ranging from 7.74 to 18.82 μM. These values are substantially larger than those extrapolated from our previous dose-response curves for other types of cancer cells (i.e., 0.09 μM and 0.08 μM in human colon cancer HT-29 and HCT-116 cells, respectively, and 0.03 μM in human non-small-cell lung cancer A549 cells) [@B47]. Despite this reduced sensitivity in Hep 3B cells, upon systemic administration of nanomedicines, a strikingly potent tumor shrinkage or even complete tumor reduction was achieved in this HCC xenograft model. Therefore, the enhanced antitumor effects for these high molecular weight PLA~n~-SN38 prodrug-formulated NPs (i.e., **PLA~36~-SN38-NPs** and **PLA~71~-SN38-NPs**) might be explained by several cooperative factors, including improved drug-carrier compatibility, extended and long-term circulation in the blood and, thereby, possible preferential drug accumulation in the tumors endowed by the NP delivery.

The body weights of the mice receiving successive treatments were stable, suggesting a low systemic toxicity associated with present nanomedicines (**Figure [5](#F5){ref-type="fig"}B**). Moreover, we performed histological examinations using hematoxylin and eosin (H&E) stains and the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling (TUNEL) assays. The results indicated that relative to the CPT-11 groups, more efficient and extensive intratumoral apoptosis was induced by the SN38 agent after a single i.v. injection of these nanomedicines (**Figure [5](#F5){ref-type="fig"}D**), consistent with the *in vivo* therapeutic efficacy.

Antitumor efficacy in an HCC patient-derived xenograft tumor model
------------------------------------------------------------------

To further examine the potential of these nanomedicines in PDX models, we xenografted human HCC tissues into Balb/c nude mice. Fresh primary HCC tissue was obtained by surgical resection, finely sectioned into \~1 mm^3^ pieces and implanted subcutaneously into the flanks of the Balb/c nude mice. The rapidly grown xenografts allowed us to take advantage of a third passage of HCC tumors, which is generally suitable for drug treatments as depicted in **Figure [6](#F6){ref-type="fig"}A**. Compared with the moderate efficacy of CPT-11 in this PDX model, systemic administration of SN38-loaded NPs consistently resulted in significant tumor shrinkage in this PDX model (**Figure [6](#F6){ref-type="fig"}B**). The **PLA~36~-SN38-NPs** and **PLA~71~-SN38-NPs** showed the most dramatic efficacy and average tumor volumes of 29 ± 7 and 25 ± 4 mm^3^, respectively, at day 35, and the tumor volumes were significantly smaller compared with those of the groups treated with saline (\>2500 mm^3^) and CPT-11 (714 ± 257 mm^3^). In particular, all of the mice in the group receiving **PLA~71~-SN38-NPs** survived the 90-day study duration, and five out of the seven mice presented complete eradication of the tumors. As a result, these **PLA~71~-SN38-NP**-treated mice exhibited a significantly better survival rate compared with those in the other treatment groups (**Figure [6](#F6){ref-type="fig"}C**). In general, HCC patients show low response rates (less than 10%) to systemic therapy with cytotoxic drugs [@B65]. The current standard-of-care therapy is to use sorafenib, an oral multikinase inhibitor, although this therapy only extends the median overall survival of patients with advanced HCC by a paltry 2.8 months compared with a placebo [@B66]. Thus, there is a desperate need to develop novel effective therapeutic strategies to manage this devastating disease. Effectively suppressing the tumors derived from human patient tissues might render this class of PLA-SN38 nanoplatforms promising for future clinical translation. On the other hand, clinical trials using nanosized drug delivery systems have proven to be disappointing [@B67]. Thus, people may think that the EPR effect is not as reliable as previously thought in human patients.

Though additional PDX models are necessitated to validate therapeutic efficacy as well as targeting ability, efficacy gains via the EPR effect in the current PDX model could be expected. To our knowledge, the study described here represents the first example of a PDX model derived from an HCC patient that is used to validate the efficacy of nanomedicines.

Alleviating SN38 toxicity by exploiting nanoparticle-mediated drug delivery
---------------------------------------------------------------------------

The clinically administered SN38 prodrug, CPT-11, causes diarrhea in up to 70% of treated patients, and incidence of grade 3 or 4 diarrhea has been observed in 31% of the patients [@B68]. Several strategies, including the removal of GI bacteria [@B69] and the use of selective inhibitors of β-glucuronidase [@B70], have been employed to alleviate CPT-11-induced toxicity. We hypothesized that our approach might have the potential to eliminate bloody diarrhea and intestinal damage induced by CPT-11. To verify this assumption, healthy Balb/c mice were used to carefully assess whether our nanomedicines could prevent the onset of bloody diarrhea. Mice (n = 10 in each group) were intravenously injected with three types of SN38-loaded NPs (SN38 equivalent dose of 15 mg/kg) three successive times. In this experimental setting, two groups received saline and CPT-11 (22.5 mg/kg) as controls. GI symptoms, such as bloody diarrhea, were monitored daily. The mice receiving CPT-11 experienced bloody diarrhea from day 2 (**Figure [7](#F7){ref-type="fig"}A**). In particular, an increased incidence of grade 2 diarrhea was apparent, with half of the total animals experiencing grade 2 diarrhea in the CPT-11-treated group. However, the mice receiving SN38-loaded NPs suffered less bloody diarrhea during the study. Impressively, only one of ten animals in **PLA~71~-SN38-NPs** group exhibited bloody diarrhea, whereas none exhibited grade 2 diarrhea, which was comparable to the saline group (**Figure [7](#F7){ref-type="fig"}A**). All of the mice were euthanized at day 9, and their large intestines were further examined by H&E staining. It was clear that the animals treated with saline or SN38-loaded NPs displayed healthy glandular structures and intact epithelial layers, whereas the successive administration of CPT-11 led to the destruction of these tissues by eliminating the glands and causing diffuse mucosal damage (**Figure [7](#F7){ref-type="fig"}B**). Our results indicated that the administered nanomedicines have the ability to mitigate the onset of bloody diarrhea and intestinal damage caused by CPT-11, thereby indicating their clinical potential as candidates for dose escalation.

Conclusions
===========

In summary, we report that through stabilizing a given chemotherapeutic SN38 agent within polymeric nanoplatforms, it is possible to generate a highly efficacious anticancer nanotherapy against human HCC tumors. Of note, we showed for the first time the use of these small-sized and ultrastable SN38 NPs to efficiently eradicate tumors in a high-fidelity, clinically relevant HCC patient-derived tumor model. Structure-based molecular editing of the SN38 agent enables the production of new prodrug entities with well-defined structures and superior *in vivo* performance compared with the parent drug. Hence, the strategy described herein also has implications for the reformulation of other potent therapeutic candidates that possess inadequate pharmacokinetics or poor compatibility with delivery matrices. Finally, with the advances in establishing preclinical PDX models that recapitulate tumors in human patients [@B71], [@B72], we envisage that the potential of many nanomedicines will be further validated.
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![**(A)** Schematic illustration of the assembly of oligo- or polylactide-tethered SN38 prodrugs with clinically approved amphiphilic copolymers (e.g., PEG-PLA) to form stable nanoparticles. **(B)** Chemical structure and synthetic scheme of oLA~n~-SN38 conjugate **1** (n = 8) or PLA~n~-SN38 conjugates **2**-**4** (n = 17, 36, and 71, respectively). SN38 was tethered to the carboxyl-terminated oLA or PLA through a hydrolytic ester bond linkage.](thnov08p3949g001){#F1}

![**(A)** ^1^H NMR spectra of SN38 prodrug conjugates **1**-**4**. The protons in the green box can be assigned to the aromatic groups of SN38, whereas the protons in the red box can be assigned to the oLA or PLA segments. SN38 prodrugs with high purities as evidenced by ^1^H NMR spectra were obtained through a direct one-step esterification. **(B)** Transmission electron microscopy (TEM) images of polymeric nanoparticles stained with 2% uranyl acetate. SN38 prodrugs **1**-**4** were assembled into PEG~5k~-PLA~8k~-based amphiphilic copolymers (designated as **oLA~n~-SN38-NPs**, here n = 8 and **PLA~n~-SN38-NPs**, here n = 17, 36, and 71). Scale bars, 100 nm. Insets: Distribution of the hydrodynamic diameters (*D*~H~) of the NPs measured by dynamic light scattering (DLS). **(C)** *In vitro* drug release profiles of the total SN38 including free SN38 or oLA- and PLA-tethered SN38 from NPs consisting of PEG~5k~-PLA~8k~ copolymers after dialyzing over a 120-h period against PBS (pH 7.4) at 37 °C. The data are presented as the means ± s.d. (n = 3).](thnov08p3949g002){#F2}

![**(A)** *In vitro* cytotoxicity in HCC cells after a 72-h treatment with CPT-11, free SN38, and NPs encapsulating SN38 prodrugs. The cell viabilities were determined by an MTT assay. **(B-C)** Proliferation of HCC Hep 3B cells treated with various drugs (2 μM with SN38 equivalent concentrations) over 24 h as determined by EdU incorporation. The data are presented as the means ± s.d.; n≥5 regions with a total of analyzed 1500-2000 cells; \*\**p*\<0.01.](thnov08p3949g003){#F3}

![*In vivo* plasma concentration-time profiles of the drugs upon intravenous (i.v.) injection of SN38 prodrug-formulated NPs (at an SN38 equivalent dose of 8 mg/kg) in Sprague Dawley rats. CPT-11 (12 mg/kg) was used for comparison. The total amount of SN38 molecules, including oLA- and PLA-tethered or free SN38, in the plasma was extracted and determined by HPLC. The data are presented as the means ± s.d. (n = 5).](thnov08p3949g004){#F4}

![**(A)** Comparative efficacy study in an HCC Hep 3B cancer cell-derived xenograft nude mouse model using SN38-formulated NPs. NP solutions containing SN38 prodrugs (15 mg/kg, the SN38 equivalent dose) were injected three successive times. Saline and CPT-11 (22.5 mg/kg) were also intravenously injected as controls. Arrows represent the i.v. injections. The tumor sizes were monitored using a caliper. The data are expressed as the means ± s.d. (n = 7); \**p* \< 0.05, \*\*\**p* \< 0.001. **(B)** Body weight changes of the mice after drug administration. **(C)** Representative images of the excised tumors for the groups treated with saline, CPT-11, and **oLA~8~-SN38-NPs**. However, the largest tumors in the other groups at the end point are shown in (C). **(D)** H&E and TUNEL analyses of the excised tumors from the treated groups at day 2 post-single injection of the drugs (15 mg/kg, at SN38 equivalent dose). The tumor sections were stained with H&E (left), DAPI for nuclei (blue, middle), and fluorescein-dUTP for apoptosis (green, right). Potent induction of apoptosis was observed in NP-treated mice, which is consistent with the tumor inhibition results. Scale bars, 100 μm.](thnov08p3949g005){#F5}

![SN38 prodrug-formulated NPs exhibited potent antitumor efficacy and survival benefits in a mouse model bearing human HCC PDX tumors. **(A)** Schematic illustration of the protocol for the establishment of a human HCC PDX tumor model in Balb/c nude mice. The primary HCC tissue from patient 1-150605 obtained by surgical resection was finely minced and implanted subcutaneously into nude mice at the engraftment phase (F~1~). Drug treatment was performed from the third generation. **(B)** Tumor volume (mm^3^) as a function of time after drug treatment (n = 7 in each group). When the tumor volumes reached *\~*50 mm^3^, NP solutions containing SN38 prodrugs (15 mg/kg, at the SN38 equivalent dose) were injected three successive times. Saline and CPT-11 (22.5 mg/kg) were also intravenously injected as controls. Arrows represent the i.v. injections; the tumor volumes are expressed as the means ± s.d.; \**p* \< 0.05, \*\**p* \< 0.01. **(C)** Kaplan-Meier survival plots demonstrating the survival benefit in animals with a 100% survival after treatment with **PLA~71~-SN38-NPs**.](thnov08p3949g006){#F6}

![Alleviation of SN38 toxicity in healthy Balb/c mice by using nanoparticle-mediated drug delivery. **(A)** CPT-11 caused bloody diarrhea starting from day 2 after i.v. administration (22.5 mg/kg), whereas SN38 prodrugs formulated in the NPs (15 mg/kg, at an SN38 equivalent dose) significantly reduced the incidence of this dose-limiting side effect. **(B)** Hematoxylin and eosin (H&E) stains of the colons of the mice exhibited highly disrupted tissues in the CPT-11-treated mice, whereas healthy glandular structures were observed for the saline, SN38-loaded NP-treated mice. Scale bars, 100 μm.](thnov08p3949g007){#F7}

###### 

*In vitro* cytotoxicity of SN38-loaded nanomedicines against HCC cells after 72-h incubation (expressed as IC~50~ ± SD in µM).^a^

  Cell line              Hep 3B       BEL-7402     HCC-LM3
  ---------------------- ------------ ------------ ------------
  CPT-11                 49.26±3.30   41.95±2.06   33.36±1.69
  Free SN38              7.74±1.18    2.76±0.16    3.08±0.29
  **oLA~8~-SN38-NPs**    10.50±1.01   1.89±0.10    3.11±0.39
  **PLA~17~-SN38-NPs**   13.02±1.00   2.12±0.09    2.74±0.33
  **PLA~36~-SN38-NPs**   14.53±0.90   2.42±0.10    2.27±0.13
  **PLA~71~-SN38-NPs**   18.82±2.21   2.77±0.11    5.58±0.73

^a^ Determined by an MTT assay.

###### 

Pharmacokinetic parameters of CPT-11, **oLA~8~-SN38-NPs**, **PLA~17~-SN38-NPs**, **PLA~36~-SN38-NPs**, and **PLA~71~-SN38-NPs** (8 mg/kg, SN38 equivalent).

  PK parameter                    Drug formulations                    
  ------------------------ ------ ------------------- ------- -------- --------
  *t*~1/2α~ (h)            0.70   0.35                0.25    0.23     2.57
  *t*~1/2β~ (h)            9.06   6.32                8.31    8.70     16.73
  AUC~(0-t)~ (μg·h/mL)     67.6   179.9               395.0   1994.6   2098.8
  AUC~(0-inf)~ (μg·h/mL)   68.9   180.7               395.9   2001.1   2195.6
  C~max~                   23.8   74.7                74.0    178.7    155.3

AUC: area under the concentration vs time curve; *t*~1/2α~: half-life of the distribution phase; *t*~1/2β~: half-life of the elimination phase
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